Abstract: Biological and epidemiological evidence have found that gestational diabetes mellitus (GDM) may be correlated with body iron status and dietary iron intake. Therefore, we investigated the relationship between dietary iron intake and body iron status and GDM risk.
INTRODUCTION

F
or humans, iron is an essential microelement. As a cofactor for several enzymes and a major component of oxygen transporter in the body, iron also has important metabolic functions; however, it is controversial that prophylactic iron supplement during pregnancy. On the one hand, during pregnancy, there is an increased requirement for iron, and body's iron store is often inadequate to satisfy the demands. 1 It was showed that iron-deficiency anemia correlated with an increased risk of neonatal morbidity such as preterm delivery. 2 On the other hand, it was considered that a high maternal hemoglobin level from iron supplement would reduce placental perfusion because of increased blood viscosity and cause adverse pregnancy outcomes such as low birthweight, stillbirths and preeclampsia. 3 The etiology of gestational diabetes mellitus (GDM) is multifactorial, and has not completely been established yet. There are several known risk factors exist, such as age, race, and family history of diabetes mellitus. People have recognized that there is a connection between excess iron and GDM risk. Serum iron level is positively associated with the risk of GDM based on one case control study, 4 while earlier research has found the opposite conclusion. 5 One recent study indicated that elevated ferritin concentrations in mid-pregnancy are correlated with a greater risk of GDM independent of body mass index and C-reactive protein (CRP), whereas ferritin levels were not associated with oral glucose tolerance test results in early postpartum. 6 However, mixed findings were reported for other populations. 7, 8 A study of Turkey indicated that there is no association between high ferritin, hemoglobin concentrations, and development of GDM. 9 As these studies produced inconsistent findings on the relationship between body iron status, dietary total iron, and GDM risk, our aim is to summarize the available proof for correlation of body iron status, dietary total iron, and GDM risk in prospective cohort studies and case-control studies systematically in a meta-analysis.
METHODS
Literature Search Strategy studies that estimated relationship between body iron status, dietary iron intake, and GDM risk up to April 2015 using search queries ''ferritin'' or ''iron'' or ''transferritin'' or ''sTfR'' and ''gestational diabetes'' or ''gestational diabetes mellitus'' or ''pregnancy diabetes'' or ''GDM''. We read the titles and abstracts of the retrieved records for eligibility to eliminate studies those were clearly irrelevant. Reference lists of retrieved articles were also hand-screened for relevant studies and review articles. We read full texts of all remaining articles to decide eligible studies.
Eligibility and Exclusion Criteria
Study was included if it meet the following criteria: investigated the association between ferritin, transferrin, heme iron, dietary total iron, and GDM in human subjects; had a prospective cohort or case-control design; relative risks (RRs) or standard mean difference (SMD) had to be reported in the article in accordance with the levels of respective iron parameter, be computed from reported data or got from authors.
Article would be excluded if it meet the following criteria: review articles; cases or the population of whole study suffered other diseases which may restrict generalizability of study findings due to a correlation with the surveyed iron indices or GDM. All articles were assessed by using the inclusion criterion described here and any disagreement regarding eligibility of an article was discussed and agreement reached by consensus with a third reviewer.
Data Extraction and Quality Assessment
The extraction of data and evaluation of trials quality were assessed in duplicate by 2 reviewers independently (SF and FL). We collected the following content: first author, year of publication, country, mean age, number of GDM patients and controls, reported iron indices, effect estimate and corresponding 95% confidence interval (CI), and adjustments or matched variables.
The qualities of included studies were evaluated according to the Newcastle-Ottawa Scale (NOS) (9-star) by using predefined criteria population representativeness, comparability (adjustment/matched variables), exposure and outcome factors, and follow-up. 10 The level of evidence was assessed by using the GRADE system [11] [12] [13] [14] (GRADE version 3.6).
Statistical Analysis
We pooled the RRs and SMD with corresponding 95% CIs by using the random-effects model, when significant betweenstudy heterogeneity exited. Alternatively, an inverse-variance fixed-effect model was used, when there was no significant heterogeneity across studies. 15 Publication bias was assessed by using Begg test and Egger test (P < 0.05 was considered statistically significant for publication bias).
One study 25 did not provide valuable data, and we did not get data from author, thus it was excluded from the metaanalysis. For prospective cohort studies, as no study in detail reported a multivariable model-adjusted ferritin-GDM RR, as long as ferritin-GDM RR was adjusted for age, it would be included, and we computed ferritin-GDM RR according to raw data provided. For heme iron and dietary total iron, several eligible studies reported a multivariable model-adjusted RR estimates of GDM for the comparison of the highest with the lowest heme iron and dietary total iron levels, thus we merged RR estimates from a multivariable model which adjusted for as many traditional covariates as possible (such as age, body mass index [BMI] , and so on). For case-control studies, because all data collected were continuous, indicators were analyzed using the mean and SD. Heterogeneity between studies was assessed using Q test and I 2 statistic. All analyses were based on previous published studies, thus no ethical approval and patient consent are required.
RESULTS
Literature Selection and Risk of Bias Assessment
We identified 220 potentially citations from PubMed, EMBASE, Cochrane Library, and Web of Science databases, screened titles and abstracts, and then detailed evaluated full texts. Finally, 8 prospective cohort studies [16] [17] [18] [19] [20] [21] [22] [23] and 7 casecontrol studies [4] [5] [6] 9, [24] [25] [26] were accorded with our inclusion criteria ( Figure 1 ). The median bias risk score of prospective cohort studies and case-control studies was 8.5 (range: 5-9) and 7.5 (range: 6-9), respectively. Study-specific results of the bias risk assessment are supplied in the supplementary material (Supplementary Table S1 , http://links.lww.com/MD/A603). This systemic review and meta-analysis was conducted following the PRISMA guidelines.
Characteristics of Studies
Four prospective cohort studies assessed ferritin levels (214 GDM patients and 1662 controls) and risk of GDM 16, 17, 18, 19 ; 6 case-control studies (403 GDM patients and 498 controls) compared ferritin levels of GDM women and non-GDM groups [4] [5] [6] 9, 24, 26 ; and 2 studies (153 GDM patients and 250 controls) compared serum transferrin levels of GDM women and non-GDM groups. 5, 9 Two studies assessed heme iron (1025 GDM patients and 15,608 controls) and risk of GDM, 20,21 and 3 studies assessed dietary total iron (1007 GDM patients and 13,890 controls) and risk of GDM. 21, 22, 23 Among 4 ferritin prospective cohort studies, 2 studies were conducted in western countries (1 in Europe 18 and 1 in North America) 19 and 2 in Asia, 16, 17 whereas the results of 3 studies 16, 17, 18 were not adjusted for covariates (such as age, BMI, and so on). All ferritin and serum transferrin casecontrol studies were conducted in Asia, [4] [5] [6] 9, 25, 26 and all studies adjusted or matched age and BMI. The 2 heme iron studies 20, 21 were conducted in western countries (1 in Europe 20 and 1 in North America), 21 and directly provided a multivariate-adjusted RR estimates of GDM for the comparison of the highest with the lowest heme iron levels, and also 3 dietary total iron studies 21, 22, 23 directly provided a multivariable model adjusted RR estimates of GDM for the comparison of the highest with the lowest dietary total iron levels, 3 studies were conducted in North America, 21 Europe, 22 and Asia, 23 respectively. Table 1 shows the detailed characteristics of eligible studies regarding the relationship between body iron status, dietary total iron, and the risk of GDM.
Serum Ferritin and Risk of GDM
The pooled RR comparing the highest and lowest ferritin levels for 4 prospective cohort studies in analysis unadjusted was 3.22 (95% CI: 1.73-6.00) using a inverse-variance fixedeffect model (result of random-effects model: 3.22 [95% CI: 1.73-6.00]). There is a significant link between ferritin levels and risk of GDM. Although there is little support of heterogeneity (I 2 ¼ 0%, P ¼ 0.815) across the 4 ferritin studies (Figure 2) , there is no evidence of publication bias (Begg test: Figure S2 , http://links.lww.com/MD/A603). For case-control studies, data pooled from 6 studies that compared GDM women with non-GDM groups showed a significant increase in ferritin in GDM women (0.88 ng/mL; 95% CI: 0.40-1.35 ng/mL) using a random-effects model (result of inverse-variance fixed-effect model: 0.83 ng/mL; 95% CI: 0.69-0.97 ng/mL) ( Figure 3 ). There is high heterogeneity (I 2 ¼ 90.6%, P < 0.0001) among the 6 studies; however, no publication bias was observed (Begg test: P ¼ 0.573, Egger test: P ¼ 0.744) (Supplementary Figure  S2 , http://links.lww.com/MD/A603).
Heme Iron and Risk of GDM
The merged RR comparing the highest and lowest heme iron levels for 2 studies in multivariable adjusted analysis was 1.53 (95% CI: 1.17-2.00) using an inverse-variance fixedeffect model (result of random-effects model: 1.53 [95% CI: 1.17-2.00]). There was no proof of heterogeneity between 2 studies (I 2 ¼ 0%, P ¼ 0.880) (Figure 2 ). It is not suitable to perform publication bias because of restrictions of literatures.
Dietary Total Iron and Risk of GDM
For the meta-analysis of studies using dietary total iron as the indicator, the combined multivariate-adjusted RR of GDM in the highest versus the lowest dietary total iron levels was 1.01 (95% CI: 1.00-1.01) (Figure 2 ) by using an inverse-variance fixed-effect model (result of random-effects model: 1.01 [95% CI: 1.00-1.01]). There was neither support of heterogeneity among these studies (I 2 ¼ 0%, P ¼ 0.712) (Figure 2 ), nor evidence of publication bias (Begg test: P ¼ 0.117, Egger test: Figure S2 , http://links.lww.com/ MD/A603).
Serum Transferrin and Risk of GDM
Two studies measured serum transferrin and provided the mean and SD; we pooled data and found no difference in serum transferritin between GDM women and non-GDM group (À0.02 mmol/L; 95% CI: À0.22-0.19 mmol/L) using a random-effects model (result of inverse-variance fixed-effect model: À0.02 mmol/L; 95% CI: À0.22-0.19 mmol/ L) (Figure 3) . No heterogeneity was detected between these 2 studies (I 2 ¼ 0%, P ¼ 0.396). It is not suitable to perform publication bias because of restrictions of literatures.
Dose-Responsive Meta-Analysis
Two studies 17, 19 reported RR for ferritin exposure in at least 3 levels, also 2 studies 20, 21 reported RR for heme iron exposure in at least 3 levels, and 2 studies 21, 22 reported RR for FIGURE 2. Forest plot of the relationship between ferritin, heme iron, dietary total iron levels, and GDM risk, comparing only the highest category with the lowest. The presented summary estimate was calculated using an inverse-variance fixed-effect model. Forest plot of subgroup analysis of ferritin levels and GDM risk, grouped on the basis of 4 studies characteristics. The summary assessment presented was calculated by using a fixed-effects model. Information of BMI of individual could not be found in one study (Soubasi et al 18 
Subgroup Analysis
For the ferritin levels and GDM risk, because many factors influence the development of GDM, we performed subgroup analysis for prospective cohort studies according to location, age, BMI, and sample size ( Figure 4 ). As BMI information was not be found in one study, 18 3 studies were included in the BMI group. The summary assessment presented was calculated by using a fixed-effects model. Results showed that age was the most significant factor of GDM among these factors ( 
Sensitivity Analysis
As high heterogeneity (I 2 ¼ 90.6%, P < 0.0001) was detected for ferritin case-control studies, we performed a sensitivity analysis by omitting one study at a time and calculating the pooled SMD for remaining studies to identify any source of heterogeneity. Results suggested that there are 2 studies reporting the 2 most estimates dramatically influenced the pooled SMD 6, 9 (Supplementary Figure S1 , http://links.lww.com/MD/ A603). The heterogeneity reduced (I 2 ¼ 64.5%, P ¼ 0.038) after these 2 studies were excluded.
Evidence Quality Based on GRADE System
The level of evidence was evaluated by GRADE system. Based on GRADE system, the evidence of ferritin-GDM risk based on prospective cohort studies was at level B and moderate recommendation, whereas other evidence were all at level C and weak recommendation. The level of evidence and other characteristics were shown in Table 2 .
DISCUSSION
We conducted a systematic review and meta-analysis to assess the relationship between dietary iron intake, body iron status, and GDM risk. In this study, we found positive correlation between ferritin levels and GDM based on prospective cohort studies and case-control studies. Although heme iron intake was positively related with an increased risk of GDM after adjustment for known potential confounders, considering the small amount of studies, the reliability of the result can be affected. Although dietary total iron intake has been associated with GDM in a cohort study, 22 our study found no statistically significant relationship between dietary total iron and the risk of GDM, nor significantly relationship between serum transferrin and the risk of GDM. Because heme iron intake was found to be related with higher body iron stores in previous studies, 27,31 our findings indicated that high levels of body iron may increase the risk of GDM. As for the relationship between ferritin levels and GDM risk, we further performed subgroup analysis, and the result suggested that age was the most significant factor of GDM among these factors. Researchers hypothesized that elevated ferritin levels may represent elevated body iron stores, and also as an acute-phase reactant, elevated ferritin may reflect inflammation. 28, 29 Some researchers found that CRP at mid-pregnancy is correlated with GDM, and inflammation may play an important role in the development of GDM. 30 Increasing evidence suggested that GDM might be part of an inflammatory process, and elevated ferritin could act on GDM may be through causing inflammation.
Our meta-analysis has several strengths. First, it is the first meta-analysis focused on the relationship between body iron status, dietary iron intake, and GDM risk. Compared with the former reviews about the correlation between iron and GDM, [31] [32] [33] [34] [35] we conducted a systematic review and meta-analysis to appraise the relationship between iron and the GDM risk, and performed supplementary analysis including subgroup analysis, sensitivity analysis, and dose-response meta-analysis. Second, all the included studies had high qualities according to the methodological quality assessment by the NOS.
In spite of the considerable efforts to explore the possible relationship between iron and GDM risk, there are some limitations. First, the number of included studies limited further analysis, and the reliability of the conclusion may be affected. Additionally, the efficiency of the detection of publication bias may be affected by the small number of literature. Owing to the limited quantity of the included studies, more researches with high-grade evidence are needed.
Based on GRADE system, observational study is a low level of evidence. Although ferritin-GDM risk results are moderate level of evidence according to the evaluation of GRADE system, the reasons are as follows: literatures included are methodologically strong observational studies; studies yield large and are confident about the results. The weak study design is unlikely to explain all of the obvious benefits, although the observational studies are likely to provide an overestimate of the true effect. Therefore, increased higher ferritin levels were significantly correlated with higher risk of GDM, and higher heme iron levels may be correlated with higher risk of GDM. As for dietary total iron-GDM risk and serum transferrin-GDM risk, because the number of literature is too little, the reliability of the conclusion needs further validation.
CONCLUSIONS
In summary, higher ferritin levels had significant association with greater risk of GDM in this meta-analysis of prospective cohort studies and case-control studies. Moderately increased ferritin levels may be useful for clinical and public identification of high-risk group for GDM. And higher heme iron levels may be correlated with higher risk of GDM; however, the present conclusion did not constitute definitive proof that dietary total iron or serum transferrin has relation to GDM.
